In this paper, an intelligent and automatic moving object edge detection algorithm is proposed, based on heat flow analogy. This algorithm starts with anisotropic heat diffusion in the spatial domain to remove noise and sharpen region boundaries for the purpose of obtaining high quality edge data. Then, isotropic heat diffusion is applied in the temporal domain to calculate the total amount of heat flow. The moving edges are represented as the total amount of heat flow out from the reference frame. The overall process is completed by non-maxima suppression and hysteresis thresholding to obtain binary moving edges. Evaluation results indicate that this approach has advantages in handling noise in the temporal domain because of the averaging inherent of isotropic heat flow. Results also show that this technique can detect moving edges in image sequences.
Introduction
The heat flow analogy has been deployed in various ways in image processing and computer vision. Five applications are briefly surveyed here: image smoothing and enhancement; region based image segmentation; thinning; active contours; and motion analysis.
Image smoothing and enhancement: Heat flow has first been used for image smoothing. Witkin [1] introduced scale-space theory which involves generating coarser resolution images by convolving the original image with a Gaussian kernel. Then Koenderink [2] and Hummel [3] pointed out that the family of derived images may be equivalently viewed as the solution of heat conduction or diffusion equation based on several criteria: causality, homogeneity and isotropy. According to homogeneity and isotropy, blurring is required to be spatially invariant which makes it difficult to obtain accurately the location of edges at coarse scales. Then, Perona and Malik [4] introduced anisotropic heat flow for selective image smoothing that avoids blurring and localization problems of the edges. In this process, the diffusion coefficient is allowed to vary according to the magnitude of the local image gradient. In this way, high quality edge detection is observed. After that, many approaches and models have been developed alternative to Perona and Malik's work. Some of them are: geometry driven heat flow [5] , graph spectral model [6], probabilistic view [7], regularization method [8] and discrete image flux conduction model [9] .
Region based image segmentation: In [10], the anisotropic diffusion pyramid (ADP) was introduced for region based segmentation. The pyramid is constructed using the scale space representation of anisotropic diffusion. Since anisotropic diffusion preserves edge locations as the scale increases, region boundaries in the coarse to fine ADP segmentation are accurately delineated. Recently, Manay and Yezzi [11] have proposed the anti-geometric heat flow model for adaptive thresholding and segmentation of regions. Here, anti-geometric heat flow is represented as diffusion through the normal direction of edges that smears rather than preserves them. As a result of this, regions on the opposite sides of prominent edges are captured in greyscale images.
Thinning: In [12], a new thinning algorithm was introduced based on time-reversed isotropic heat flow. Given an image, which is viewed as a thermal conductor, first the heat flow direction map is computed, then time-reversed heat conduction is simulated to get thinned a pattern. This algorithm can be applied to gray-scale or binary images.
Snake or Active Contours: Active contours can be classified as Parametric Active
Contours and Geometric Active Contours (Level Sets). Parametric active contour (PAC) is the first snake model introduced by Kass et al. [13] . Problems associated with PAC are initialization and poor convergence to concave regions. These problems are largely solved with the development of new external force model which is called Gradient Vector Field (GVF) [14] . It is computed as diffusion of the gradient vectors of the grey level or binary edge map. This diffusion process arises from the heat conduction model. A geometric active contour [15, 16] is based on a curve moving in normal direction with its curvature dependent speed. This phenomenon is tackled with a level set method in higher dimension viewing the curve as the level set of zero. The curve movement on the level set is achieved with the geometric heat flow [5] .
Motion analysis: Horn and Schunk [17] developed a method for optical flow (velocity vectors) computation from sequence of images. The concept includes two constraints which are change of brightness and smoothness of the velocity flow. An equation was developed whose progress is similar to the propagation effects in the solution of heat conduction equation. However, this method does not preserve optical flow discontinuities on the motion boundary because of the isotropy property of the smoothness constraint. Then some extensions have modified the smoothness constraint and observe anisotropic behaviour to preserve motion boundaries [18, 19] . Makrogiannis and Bourbakis [20] are the first who proposed spatio-temporal anisotropic heat diffusion for motion activity measurement. The motion activity measure is derived from the total amount of diffusion in the spatio-temporal domain. Then, this process is completed by kernel based density estimation and watershedbased segmentation of regions.
In this paper, a moving object edge detection algorithm is proposed based on heat flow analogy. This algorithm starts with anisotropic heat diffusion in the spatial domain to remove noise and sharpen region boundaries for the purpose of obtaining high quality edge maps. Once the enhanced edge maps are observed in consecutive frames, isotropic heat diffusion is applied in the temporal domain to calculate the total amount of heat flow. The moving edge map is represented as the total amount of heat flow out (-) from the reference frame. The overall process is completed by nonmaxima suppression for thinning and then hysteresis thresholding to obtain binary
